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I. INTRODUCTION AND SUMMARY 

The main  purpose of this contract  is to develop l iqu id-mercury  * ** 
capable of satisfactory operation i n  Kaufman-type thrus  t o r s  cathodes 

up to t empera tu res  high enough to be compatible with the highest  t h rus to r  

shel l  t empera tures  anticipated under the unfavorable thermal  conditions 

of a c lus te red  a r r a y  of thrustors .  

des i rab le  because of the favorable cha rac t e r i s t i c s  of LM(Hg) cathode 

th rus to r s  such as pract ical ly  unlimited cathode life, invariance of 

th rus tor  charac te r i s t ics  , and excellent th rus  tor  performance , together 

with the advantages inherent  t o  the use of m e r c u r y  as a propellant 

The achievement of this objective is 

** * . 
LM(Hg) cathode operation compatible with high thrus tor  shell  

t empera tu res  i s  achieved both by increas ing  the permiss ib le  operating 

t empera tu re  of the LM cathode and by reducing the total thermal  load of 

3: 
The l iquid-mercury cathode r e f e r r e d  to he re  is a gravi ty-  

independent, force-fed l iquid-metal  cathode invented and  devel- 

oped a t  the Hughes Research  Labora tor ies  ( see :  W .  0. Eckhardt :  

Liquid-Metal A r c  Cathode. Patent  applied for) .  F o r  brevity,  we 

shal l  r e f e r  to this cathode in  genera l  as the Liquid-Metal o r  LM 

cathode; to r e f e r  to a par t icular  liquid meta l ,  i t s  chemical  symbol 

is added in parenthesis ,  e .  g. , LM(Hg) cathode in the case  of mercu ry .  

W .  0. Eckhardt ,  J.  A.  Snyder, H. J .  King, a n d R .  C. Knechtli,  

"A New Cathode for  Mercury  Electron-Bombardment  Thrus to r s ,  I '  

AIAA Pape r  No. 64-690 (August 1964). 

H. J. King, W .  0. Eckhardt,  J .  W .  Ward,  and R.  C. Knechtli,  

"Electron-Bombardment Thrus to r s  using Liquid-Mercury Cathodes, I '  

AIAA P a p e r  No. 66-232 (March 1966). 

W .  0. Eckhardt ,  H. J .  King, J .  A. Snyder,  J .  W .  Ward,  W.  D. 

Myers ,  and R .  C. Knechtli, "4, 000-hr Life Tes t  of a Liquid- 

Mercury  Cathode in a 20-cm LeRC Ion Thrus to r ,  I '  Hughes R e s e a r c h  

Labora tor ies  Special Report  for Contract  NAS 3-6262 (Nov. 1966). 

.!, .L .,. .a. 
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the cathode. While inc reases  in permissible  operating tempera ture  r e -  

su l t  f r o m  design improvements  of the cathode p rope r ,  the thermal  load 

reduction is achieved by modifications of the e lec t ron  and a tom flux 

coupling between cathode and discharge chamber ;  the l a t t e r  lead to a lower 

optimum electron-  to-atom emission rat io  and a r e  a l s o  intended to inc rease  

the thrus tor  efficiency. 

s t rongly on the understanding of cathode and d ischarge-chamber  phenomena, 

thus requir ing measurements  of the pertinent p a r a m e t e r s  of cathode and 

d is  charge -cham be r ope ration. 

P rogres s  along both l ines  of approach depends 

Stable, long run operation of high-temperature  cathodes as  well as 

excellent th rus tor  performance with high- tempera ture  cathodes has  been 

demonstrated during this quar te r .  The mos t  important  achievement was 

the demonstration of th rus tor  performance vi th high-temperature  cathodes 

closely approximating the bes t  obtained with low-temperature  cathodes: 

8770 m a s s  utilization with 400 eV/ion a t  25OoC cathode tempera ture ,  and 

8470 mass utilization with 443 eV/ion a t  3OO0C cathode tempera ture .  

F u r t h e r  improvements can be expected f rom the present ly  planned cathode 

modifications. 

2 

I 
I 



11. HIGH-TEMPERATURE L M  CATHODE DEVELOPMENT 

A. -Modifications of Cathode Geometry  

During the pas t  q u a r t e r ,  Annular Cathode No. 25 has  been reworked 

t o  achieve the geometry  of the m e r c u r y  flow passage  descr ibed  in  Quar t e r ly  

P r o g r e s s  Repor t  No. 1, p. 18 (a nar row passage  of minimum depth, fed by 

a wide r  passage) .  As  intended, this geometry  now pe rmi t s  the rapid r e -  

es tab l i shment  of a fu l l -c i rc le  a r c  spot pa t te rn  whenever the discharge is 

in te r rupted  while the cathode is operating a t  high tempera ture .  

is v e r y  important  because optimum high-temperature  cathode per formance  

depends on the even dis t r ibut ion of the thermal  power del ivered to  the cathode. 

This  feature  

In o rde r  to m e a s u r e  the thermal  power del ivered to the cathode by 

the d ischarge ,  two the rmis to r  e lements ,  forming p a r t  of a bridge c i rcu i t ,  

have been designed into the input and output of the cooling g a s  l ines .  This  

a l lows sensit ive monitoring of changes in the heating power as  per t inent  

p a r a m e t e r s  and the geometry  a r e  changed. 

T o  improve the accu racy  of our  thermal  power measu remen t s ,  helical  

g rooves  w e r e  machined into the cylindrical  su r f aces  of the cone a s s e m b l i e s  

of Annular Cathodes No. 25 & 26. 

fi t ted into this  groove. 

ad jus t s  the ave rage  c u r r e n t  through this  hea te r  so  that the cathode t empera -  

t u re  r ema ins  constant ( a t  a constant cooling gas  flow rate), whether o r  not 

the cathode is operating. 

completely off when the cathode opera tes  a t  the intended discharge c u r r e n t ,  

and a reading of the thermal  power del ivered to the cooling gas  is taken 

(using the the rmis to r  bridge).  

turning the d ischarge  off and measur ing  the e l ec t r i ca l  power to  the hea ter .  

Coaxial-type e l ec t r i c  hea te r s  w e r e  p r e s s -  

A control ler ,  connected to the cathode thermocouple,  

The gas flow is then adjusted s o  that the hea te r  is 

This reading is subsequently ca l ibra ted  by 

Besides  permit t ing m o r e  accura te  power measu remen t s ,  this  

a r r angemen t  a l s o  keeps the cathode t empera tu re  far m o r e  constant than 

the methods previously employed during exper iments  where the d ischarge  

c u r r e n t  o r  the m e r c u r y  feed ra te  a r e  being var ied.  

is that the en t i r e  cathode can  be outgassed a t  up to 60OoC. 

O-r ing sea l  for  the flow impedance (see Quar te r ly  P r o g r e s s  Repor t  No. 1, 

F ig .  3 )  permi t s  such bakeouts. 

An additional advantage of the hea te r  on the cathode c i r cumle rence  

The meta l l ic  

Outgassing of the cathode a t  e levated 



t empera ture  a f t e r  exposure to a i r  showed a decided benefit in subsequent 

operation: i t  leads to a much fas te r  establishment of a stable ful l -c i rc le  a r c  

spot  pat tern.  

I t  should be emphasized that all three advantages of having a hea ter  

on the cathode per ta in  only to experimentation with the cathode; no hea te r  

would be requi red  on cathodes for actual  operation in  space.  

Other  modifications affect not the cathode proper  but the non- 

magnetic i n se r t s  which provide the t ransi t ion between cathode and magnetic 

th rus tor  end plate (for permanent-magnet th rus  tQr  geometr ies )  o r  between 

cathode and magnetic shield ( for  e lectromagnet  th rus tor  geometr ies ) .  

i n s e r t s  have been reshaped so as to  minimize heating of the cathode body by 

ion bombardment f r o m  the discharge ( see ,  for  example,  F ig .  1). 

These 

B. -Tes t  Resul ts  in Diode Operation 

A continuous run (i. e . ,  no a r c  extinctions) was m a d e  in the diode 

configuration with Annular Cathode No. 25 a t  3OO0C and Ke/Ka = 10 f o r  

4-1 / 2  hours .  

operation. 

eas i ly  extended this run to 24 hours o r  more .  

equipped with automatic s tar t ing c i rcu i t s  as  yet. ) 

The a r c  c u r r e n t  was 8.6 A, suitable for 20-cm thrus tor  

It is felt  that  only one o r  two automatic  a r c  s t a r t s  would have 

(The tes t  facil i t ies a r e  not 

Annular Cathode No. 26 w a s  equipped with the same  non-magnetic 

A subsequent i n s e r t  geometry used on the l i fe - tes t  cathode (see  Fig.  1). 

run i n  the diode configuration clear ly  indicated improvement  over  pas t  data 

on this cathode. An a r c  c u r r e n t  of 9 . 8  A was run fo r  4-1 /2  hours  a t  3OO0C 

with a Ke/Ka of 16. 

and again to 325OC without extinguishing. 

suitable adjustment,  the performance a t  a steady 3OO0C could be even 

bet ter .  

accordingly is h a r d e r  t o  ignite or r e s t a r t  than No. 25, a t  any given t e m -  

pe ra ture .  

The cathode tempera ture  rose  a t  one point to  35OoC 

This  r e su l t  indicates that  with 

This cathode has  not had the m e r c u r y  feed gaps shortened yet and 

The flow passages  of Cathode No.  26 will now be modified in the 

s a m e  way as  those of No. 25. 

bine the p re sen t  relative advantages of both cathodes.  

The result ing geometry  should then com-  

4 



HIGH -TEMPERATURE ’ 
LM CATHODE 

Fig .  1. Schematic c r o s s  section of 20-cm diameter  e lec t ron-  
bombardment thrus tor  with high-temperature  L M  
cathode. 



The thermal  power measurements  have shown that the ra t io  of heat-  

ing power to discharge c u r r e n t  increases  significantly when the a r c  spot 

pa t te rn  is being withdrawn deeply into the nar row annular  gap of the pool- 

keeping s t ruc ture .  F o r  example,  with Annular Cathode No. 25 operating 

a t  a d ischarge  c u r r e n t  of -5  A and Ke/Ka m 10, the specific heat load is 

2 . 3  WA-’ 8 1270Ca 

4. 7 WA-’ 0 25OoC, 

-9  WA-’ 8 30OoC. 

On the other hand, with Annular Cathode No.  26 (which differs f r o m  No.  25 

by a 3-fold increase  in the mean diameter  of the annulus and a 2. 5-fold 

reduction in gap width) a t  the higher c u r r e n t  of 9.8 A and the higher 

Ke/Ka = 16 the following specific heat loads w e r e  measured:  

2 .3  WA-’ Q 1270Ca 

6 .1  WA-’ @ 30OoC. 

This shows c l ea r ly  the advantages of operation a t  a lower  ci rcumferent ia l  

, c u r r e n t  density and of a nar rower  feed gap which pe rmi t s  the m e r c u r y  s u r -  

face to be kept f a r the r  downstream. The specific heat load is fur ther  r e -  

duced by operation a t  the lower electron-to-atom emiss ion  rat ios  which 

now lead  to optimum thrustor  performance ( see  Sec. III), and we expect to  

achieve additional reductions by modifications of the cathode face geometry.  

6 



III. THRUSTOR TESTING OF HIGH-TEMPERATURE LM CATHODES 

Very  successful  demonstrations of high-temperature  cathode oper -  

a t ion in  thrus tors  have been achieved during the pas t  quar te r .  

Annular Cathode No. 25 was placed in the 15-cm diameter  th rus tor  

descr ibed  in Quar te r ly  P r o g r e s s  Report  No. 1, p. 18. This th rus tor  h a s  the 

magnetic field geometry typical f o r  a permanent-magnet  th rus tor ,  but i t s  

f ie ld  is made  var iable  by using i ron-core electromagnets  in place of the 

permanent  magnet  bars. The thrustor  end plate used had no non-magnetic 

i n se r t ,  and  the baffle used was entirely non-magnetic and was  no t  variable 

in s i ze ,  thus providing less- than-opt imum coupling of the e lec t ron  flux f r o m  

the cathode into the discharge chamber .  Despite these deficiencies,  the 

following resu l t s  were  obtained i n  sho r t  ( ~ 1 1 2  hour) runs: 

Cathode tempera ture  

M a s s  utilization 

Source energy / ion 

Beam c u r r e n t  

Cathode cu r ren t  

Ke /Ka 

* 
25OoC 29OoC 

8070 90% 

400 eV/ ion  790 eV/ion 

440 mA 510 mA 

7 A  9 . 7  A 

13  17 

It  should be noted that the lack  of th rus tor  optimization made i t  

n e c e s s a r y  to  operate  a t  relatively high electron-to-atom emiss ion  rat ios  

and discharge cu r ren t s ,  and that these high ra t ios  and c u r r e n t s  were  ob- 

tained stably f r o m  the small cathode. 

expected) in a n  increase  of the required source  energy  p e r  ion. (When all 

other  p a r a m e t e r s  a r e  held constant and the cathode is kept n e a r  i t s  maxi -  

mum operating tempera ture ,  the source  energy  p e r  ion rises with in- 

c reas ing  electron-to-atom ratio, discharge cu r ren t ,  and  tempera ture .  ) 

To improve upon this situation the thrus tor  end plate  and the baffle have 

been modified, but the new combination has  not yet been tested.  

However, this did r e su l t  (as 

Annular Cathode No. 26 w a s  installed in the 20-cm d iame te r  

modified LeRC thrus tor  which had successfully undergone a 4, 000-hr life 

.I+ *,- 
Excluding magnet power. 
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t e s t  (with a n  LM cathode operating a t -  35OC). 

and d ischarge  chamber  in schematic c r o s s  section. 

of a n  annular  opaque zone of fixed dimensions,  plus a cent ra l  opaque zone 

of var iable  d iameter ;  the axial position of the baffle was a l s o  variable.  

(This  baffle had a l s o  been =sed during the last 500-hr increment  of the life 

t e s t . )  The resu l t s  obtained i n  short  (1 /2  to  1 -1 /2  hour) runs a r e  l is ted 

below, together with the best  performance m e a s u r e d  with the l i fe - tes t  

cathode in the same  thrus tor ,  as descr ibed in Quar te r ly  P r o g r e s s  Report  

No. 1. 

F igu re  1 shows cathode 

The baffle consisted 

Cathode type Annular (No.  26) C i rc  ula r 
(Life Tes t )  

Cathode tempera ture  25OoC 3OO0C 35OC 

M a s s  utilization 8 7% 84% 8 5% 

Source e ne rg  y /ion 400 eV/ion 443 eV/ion 393 eV/ion 

Beam cur ren t  680 mA 605 mA 600 mA 

Cathode cu r ren t  7 .6  A 7.45 A 9 A  

:: 

Ke /Ka 9 .8  10 .3  12.7 

During the run a t  3OO0C cathode tempera ture  the a r c  spot  pa t te rn  

w a s  not a full c i r c l e ,  due to  the feed gap geometry d iscussed  in Sec.  II. 
This  resul ted in a higher c i rcumferent ia l  c u r r e n t  density compared  with the 

run a t  25OoC and should account for  mos t  of the increase  in source  energy 

p e r  ion. 

The following conclusion can be drawn f r o m  the above resu l t s :  

Thrus to r  performance closely approximating the best  obtained with low- 

tempera ture  cathodes has  now been measu red  with a cathode operating a t  the 

t empera tu res  requi red  for  radiative heat  rejection f r o m  the thrus tor  shel l  

even when the th rus to r  i s  p a r t  of a n  a r r a y .  

simultaneously with a fur ther  reduction of the optimum electron-to-atom 

emiss ion  ratio,  thereby compensating for  mos t  of the increased  specific 

hea t  load of the cathode. I t  can  now be expected that the planned cathode 

modifications will lead to  a complete match  of the best  low- tempera ture  

per formance  with cathode tempera tures  up to a t  least 30OoC. 

This  per formance  was  achieved 

.I. 1. Excluding magnet  pow e r . 
8 
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IV .  DISCHARGE PROBING EXPERIMENTS 

A 15-cm diameter  thrustor  has  been equipped with a n  emiss ive  

probe and a two-dimensional probe movement  mechanism.  

cat ions to the thrus tor  and the details of the probe construction w e r e  

descr ibed  in Quar te r ly  P r o g r e s s  Report  No. 1. 

The modifi-  

Tes t s  were  conducted in a 4-ft d iameter  vacuum chamber  to  de te r -  

mine  probe operating points giving sufficient emiss ion  f r o m  the probe in 

the presence  of the discharge while permitt ing a reasonable  life of the probe. 

I t  was  found that the life of the probe was severe ly  l imi ted  by a rc ing  to the 

probe. 

The fuse blowing t ime is fast compared to  the probe destruct ion t ime thus 

saving the probe when a n  a r c  occurs.  

Therefore ,  a low-current  fuse was  included i n  the probe circui t .  

Using the emiss ive  plasma probe with all supplies and ins t ruments  

e i ther  floating o r  coupled out through isolation t r a n s f o r m e r s ,  p lasma po- 

tential  profiles were  obtained both with and without beam extraction. 

profile shows the plasma potential as  a function of the radius  f o r  a given 

plane perpendicular to  the ax i s  of the discharge chamber .  

taken show the same  genera l  charac te r i s t ic  n e a r  the cathode, a minimum 

plasma potential on the axis rising to  a maximum n e a r  the anode. 

total excursion is approximately 2 . 5  volts.  

sys temat ic  shift result ing f r o m  beam extraction. That is ,  the p lasma po- 

tential  prof i les  increase  as the beam is extracted.  This behavior is con- 

s i s ten t  with the previously observed increase  in discharge voltage during 

beam extraction. 

Each  

All prof i les  

The 

These prof i les  a l s o  show a 

The probe has  now been adapted to  the 20-cm diameter  th rus tor  in 

o r d e r  to  measu re  the p lasma potential profile in the th rus to r  with the best  

demonstrate  d pe r f o r  ma nc e .  
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